Abstract-In WiMAX/IEEE 802.16 with mobility support, scanning for an available channel by a mobile station, especially during a handover, must be done promptly in order to reduce delays in network access. We have shown previously that mobile stations can reduce scanning times by maintaining a most probable list of frequencies in use. In this paper, we extend this idea to further capture the mobility patterns of users. By using time-of-day and location-based mobility profiles a mobile station improves scanning performance during handovers. We show this improvement by modeling and simulating an area of WiMAX coverage with various mobility patterns and real-world mobility traces.
I. INTRODUCTION
When a WiMAX/802.16 subscriber mobile station (MS) wishes to join the network, it must follow the network entry procedure. This involves scanning for a frequency on a base station (BS). It is expected that the MS be required to perform repeated scanning to maintain connectivity to the network by moving from one BS to another while moving throughout the coverage area. This process of changing BSs is called a handover.
Mobile WiMAX networks are expected to provide support for all Internet applications. High bandwidth and realtime applications, in a network with high mobility are still important open areas of research. WiMAX is considered as a competitive technology to replace or enhance existing 3G cellular networks. One of the most important issues that needs improvement in order to maintain its competitiveness is handover performance when dealing with large volumes of real-time data in a highly mobile environment [4] . This requires efficient handovers.
In our previous work [5] , we introduced frequency scanning strategies used to reduce the time a MS spends finding an available channel of a WiMAX BS. In this paper, we extend our basic strategies by introducing time-of-day and locationbased mobility profiles to aid MSs during the scanning phase when performing a handover. If a mobile user often follows the same set of routes, the MS can exploit this to its advantage. We would like to capture the fact that a user travels to work in the morning, returns home in the evening or heads out to the gym on Wednesday nights as either time-of-day or locationbased mobility profiles. Using these profiles, a MS reduces the number of frequencies monitored in the scanning process during handovers.
A. Results of the paper
We propose two mobility profiles, time-of-day (TOD) and location plus trajectory (LPT), used by a MS in order to reduce the time spent searching for a frequency during handover scanning. We show a reduction in the time required for the scanning operation over our previous work [5] . Our strategies require no additional network support and only limited memory and computational resources of the MS. We evaluated the use of our TOD and LPT mobility profiles by modeling and simulating an area of WiMAX coverage using both simulated and real-world mobility trace data.
The remainder of the paper is organized as follows. In Section II, we describe the WiMAX network entry procedure and handovers. In Section III, we briefly revisit our previous work as well as discuss other previous work. In Section IV, we introduce the TOD and LPT user mobility profiles. We provide a description of the simulation environment along with the simulation results in Sections V and VI. Finally, we discuss ongoing work and conclude in Section VII.
II. NETWORK ENTRY AND HANDOVERS IN WIMAX
WiMAX defines a network entry procedure for a MS wanting to establish a network connection via a BS. The MS must first scan to find a frequency in use by a BS. After finding the frequency, it must synchronize with the BS, listen for the Downlink and Uplink Channel Descriptors (DCD and UCD), wait for a contention slot and perform Initial Ranging with the BS. After ranging is complete, the MS must negotiate capabilities, authenticate itself and register with the BS.
When executing a handover, the MS must perform the steps of network entry with a neighbor of the currently serving BS. Since the network entry process has many steps, if we can improve upon the time it takes for one or more of these steps to complete we can provide an improved access time of service. In this paper, we focus on handover scanning.
A. Scanning in WiMAX
Scanning is an activity conducted by a MS. The goal of scanning is to acquire a downlink signal from a BS. Scanning requires monitoring each possible frequency until a downlink signal is received. This takes a minimum of two frames [9] , at each frequency. Scanning is performed during the initial network entry procedure and continues periodically to aid the MS in the selection of a suitable target BS for a handover.
B. WiMAX Handovers
As a MS moves throughout a coverage area, connectivity is maintained by performing handovers between neighboring BSs. Selection of the best handover target can be complex since the MS must scan for neighboring BSs to find a suitable target based on a number of criteria such as signal strength or error rates. The WiMAX standard supports temporarily suspending the uplink and downlink communication between a MS and a BS in order to allow the MS to perform scanning for neighboring BSs. While communication is suspended, the data streams must be buffered on either side and this may cause problems for real-time applications. Any improvement on the time it takes for the MS to complete its scanning operation improves the performance of the communications, reducing delays.
Hard handover is the only mandatory handover scheme in WiMAX [1] . Since a hard handover is a break then make mechanism, data being sent across a connection is more sensitive to delays in connecting to the new BS. Additionally, handovers must be completed with a latency of less than 50ms [1] .
III. REVISITING SCANNING STRATEGIES AND PREVIOUS WORK A. Scanning Strategies
When a MS is turned on for the first time, all frequencies are equally likely since the MS has no history. The MS must simply start scanning the list of frequencies in increasing order. As the MS performs a number of successful scanning operations, it can determine a most probable order of frequencies from its observations. This history can be used to make scanning more efficient.
We previously proposed two different kinds of strategies to aid a MS in frequency selection for scanning [5] . In our Most Frequently Used (MFU) strategy, a frequency of occurrence distribution over the frequencies is built using the MSs history. The frequency that is used the most has the highest probability. In future scanning operations, the MS scans the frequencies from the most frequently used to the least frequently used. In the Previous Handover Strategy strategy, we assume that the MS is provided with the list of all neighboring BSs and their frequencies in a MOB NBR-ADV message from its serving BS. The MS builds, for each BS it visits, a most probable list of handover target neighbors based on its previous handover history. The MS uses this list, along with the MOB NBR-ADV message, to aid in selecting future handover target BSs.
B. Previous Work related to Scanning and Handovers
The authors in [9] introduce Adaptive Channel Scanning (ACS). ACS is primarily focused on when to perform scanning by estimating the time required for a MS to scan a list of neighboring BSs and then interleaving the scanning and data transmission intervals. Another early work describes the storing of information on the most probable used carrier frequencies in cellular networks on the MS [10] . However, the term most probable is not defined and no mechanism is provided for determining the most probable frequencies. The authors in [6] introduce a new management message to enable the reception of downlink data during the handover process and thus reduce the downlink packet delay. The authors in [8] proposed Last Packet Marking (LPM) that requires integrating the MAC layer (L2) handover and network layer (L3) handover. Both handovers happen concurrently.
IV. USING MOBILITY PROFILES TO IMPROVE SCANNING
We describe our extended scanning and handover strategies with the introduction of two mobility profiles, time-of-day (TOD) and location plus trajectory (LPT).
A. Time-of-day Mobility Profile
We introduce our time-of-day (TOD) mobility profile. The MSs uses time-of-day information when building and maintaining their user mobility profile. Things that can be taking into consideration are the time of day (morning, evening), day of week (weekday, weekend) and the current user (for multiple users on a device).
For each time-of-day period, the MS keeps a list of most probable frequencies, and most probable handover BS pairs, used during the period. We assume that the first time a MS is started, the set of frequencies are of equal probability. Over time, the MS builds a set of mobility profiles. The MS determines the number of mobility profiles to store based on its own time-of-day mobility patterns. When a MS is about to perform a scanning operation it looks up which time-of-day mobility profile to use. It then uses the most probable list of frequencies, or handover BS pairs, associated with this profile to improve scanning performance.
B. Location Plus Trajectory Mobility Profile
We introduce our location plus trajectory (LPT) mobility profile. In the LPT mobility profile, a MS equipped with a GPS or other means of localization uses this information, as well as its trajectory, when building its profile of most probable frequency lists and handover BS pairs.
The scene is depicted in Figure 1 and we see MS A and MS B. Given an area of coverage, the region is divided into n × m zones. For each zone, the MS keeps a set of lists as a function of the trajectory of the MS within the zone. This can be done in a number of ways and is left up the MS. For the purposes of this work, we use the trajectory to determine one of four quadrants.
V. PERFORMANCE EVALUATION
In order to evaluate our mobility profiles, we first implemented a simulation to compare the WiMAX default scanning strategy with our original MFU strategy [5] and that of our TOD and LPT mobility profiles. Similarly, we implemented a second simulation to compare the WiMAX default strategy, our original previous handover strategy and the TOD mobility profile for the previous handover strategy. Additionally, we perform simulations of our TOD and LPT mobility profiles using real-world mobility trace data for the frequency scanning and previous handover strategies. 
A. Network Topology
A ten kilometres by ten kilometres area is defined and covered by WiMAX BSs with a one kilometre range. The base stations are positioned according to a cellular networking model [3] as shown in Figure 2 . The WiMAX simulation parameters are chosen based on 100 MHz of bandwidth available for both uplink and downlink channels. Every channel is given 1.25 MHz of bandwidth for a total of 80 channels. A four cell reuse clustering scheme is used. This setup has 20 channels available for each cell for the 80 channels available in total. We use 20 different frequencies, assigning five to each BS, each of which has four channels for MS connections. The number of frequencies stored in memory is equal to the number of frequencies available in the coverage area. Each simulation using the Manhattan and Direct mobility models was run for a period of 100 weekday work days for 100 mobile stations. We also performed a simulation with 35 MS mobility traces from the APRS project [2] .
B. Metrics and Measurement
We measure the proportion of time that a MS can find the downlink with a certain number of frequencies checked. For the model and the frequency strategies, it is between one and 20 frequencies checked per scan. For the previous handover strategy, it is between one and six neighboring BSs. Ideally, we would like to have it so that 100% of the time a MS can successfully scan for a neighboring BS with only checking a single frequency, but the actual performance is dependent on the individual MSs mobility. From the observations of the simulations, we determine the expected number of frequencies required to be checked for a certain proportion of scanning operations. For example, x% of the time, the MS can find a downlink channel with only scanning a single frequency. 
C. Mobile Station Mobility Models
For the simulations we used a variety of simulated and realworld mobility data. For the simulated mobility patterns we introduced two classes of user and two mobility models.
User Classes
We introduce two user mobility classes: the worker and the wanderer. The worker class models the scenario of a user that is commuting to and from work. The MS is given a set of random permanent home and work locations and travels to and from work each day. The wanderer class is initially given a random start and destination location within the area of coverage. The wanderer repeatedly moves towards its destination until it is reached, then chooses a new random destination.
Simulated Mobility Models
The worker and wanderer classes are simulated using two different mobility models as shown in Figure 2 . The first is the Manhattan model. The MS follows first the horizonal path, then the vertical path towards its destination (the reverse is true for the return course). The second is the direct model, where the MS follows a direct, straight-line, course across the area of coverage to its destination. Since the wanderer class continuously selects a new destination when reaches the previous one, it is following the random waypoint model [7] .
Real-World Mobility Traces
In addition to the simulated mobility patterns, we also used real-world mobility data from the Automatic Packet Reporting System (APRS) project [2] . Since the locations for each MS were only updated on the order of every few minutes, the intermediate locations between updates are interpolated along a direct path in order to simulate the mobility second by second.
D. Time-of-day Mobility Profiles
In order to reduce the complexity of the simulation, a naive set of time-of-day mobility profiles was implemented. The day is divided into two time periods, morning and evening, with the goal of capturing a MSs regular commute to work in the morning in one time-of-day profile and its commute home in the second.
For the purpose of this work, we consider time-of-day parameters during the work week. The goal is to improve scanning times for users that typically repeat similar routes such as the daily commute to and from work. Therefore, we expect that the worker class will benefit the most from our strategies. We performed simulations for the WiMAX default, MFU and TOD frequency strategies in order to compare their results.
E. Location Plus Trajectory Mobility Profiles
In our evaluation of our LPT mobility profiles, we keep a total of four most probable lists for each of the n × m zones depicted in Figure 1 . We also let n = m and tested two cases for the number of zones: 16 and 25. We would expect that as you increase the number of zones, there should be an increase in performance since the MS can build a more fine-grained mobility profile. We performed simulations for the WiMAX default, MFU and LPT frequency strategies in order to compare their results.
VI. SIMULATION RESULTS
The following sections show the simulation results of the TOD and LPT mobility profiles with the frequency and previous handover strategies. We simulated the scanning operation when the MS is about to perform a handover. First we show the results for the simulated mobility patterns. Then we show the simulation results with the APRS mobility trace data.
A. Time-of-Day Frequency Strategies
In this section, we present the simulation results for scanning strategies using time-of-day mobility profiles. Figure  3 gives the results of the simulations for the worker class using the Manhattan mobility pattern. It shows the percentage of time that the MS succeeds in acquiring a channel with checking 1, 2, ..., 20 frequencies. We see significant improvement over our previous MFU strategy without the time-of-day mobility profiles.
The results are further summarized in Table I . MSs that used the time-of-day mobility profiles acquired the downlink frequency 50.29% (48.95%) of the time with scanning only five frequencies for the Manhattan (Direct) mobility model. This is an increase over the strategy without time-of-day profiles which successfully acquired the frequency 43.73% (39.92%) of the time and the default WiMAX strategy which only succeeded 28.96% (27.47%) of the time with scanning only five frequencies. Finally, since not all users may follow a predictable mobility pattern, we ran a simulation with the wanderer class of MS. As expected, since the wanderer class has no predictable mobility pattern, there was no improvement, over the original MFU strategy, in the number of frequencies checked during the scanning operation.
B. Location Plus Trajectory Frequency Strategies
In this section, we present the simulation results for scanning strategies using the LPT mobility profiles. Figure 4 gives the results of the simulations for the worker class using the Manhattan mobility pattern. It shows the percentage of time that the MS succeeds in acquiring a channel with checking 1, 2, ..., 20 frequencies. We see a significant improvement over the previous MFU strategy and the TOD mobility profiles.
The results for the worker class mobility are further summarized in Table I . We observe that MSs using the LPT-16 and LPT-25 profiles acquired the downlink frequency 73.23% (79.53%) and 78.71% (83.51%) of the time for Manhattan (Direct) mobility with scanning only five frequencies. This compares to 28.96% (27.47%) for WiMAX default, 43.73% (39.92%) for the original MFU strategy and 50.29% (48.95%) for the TOD mobility profile.
Finally, since not all users may follow a predictable mobility pattern, we simulated the wanderer class. In the case of the wanderer class, we do see improvement of using the LPT-16 and LPT-25 mobility profiles over the original MFU strategy. The LPT-16 and LPT-25 strategies acquired the downlink frequency 47.65% and 54.58% of the time respectively with scanning only five frequencies. This is an increase over the original MFU strategy which successfully acquired the frequency 26.68% of the time within five frequencies. The results for the wanderer class mobility are summarized in Table II .
It is worth noting that as expected, the LPT-25 mobility profile performed better when compared to the LPT-16 mobility profile. With an increased number of zones, each zone covered a smaller area thereby giving the MS a finer grained profile. 
Scanning Results

C. Time-of-Day Previous Handover Strategy
In this section, we present the simulation results for the previous handover strategy when using time-of-day mobility profiles. Recall that the previous handover strategy enables the MS using optional neighbor advertisement messages, sent by its currently serving BS, along with a mobility profile to make better choices during scanning. We used the same time-of-day mobility profiles as in the frequency strategies. In this simulation scenario, the WiMAX default was to simply scan the neighbors in the order given by the MOB NBR-ADV messages. Figure 5 shows the results of the simulations for the worker class using the Manhattan mobility pattern. We see a significant improvement over the previous strategy without the time-of-day mobility profiles. This is intuitive since a worker class MS following a return path likely traverses the set of BSs in reverse order. The results are further shown in Table  III . Finally, as with our frequency strategies, we simulated the wanderer class and as expected saw little advantage to building TOD user mobility profiles for this class of user.
D. Mobility Trace Data Simulation
We present the results using mobility trace data from the APRS project. Figure 6 shows the results of our frequency scanning strategies for LPT with 16 and 25 zones against our original MFU strategy using the APRS mobility trace data. We observe significant improvements through the use of the LPT mobility profiles. The results are further summarized in In Figure 7 , we present the results for the previous handover strategy using the time-of-day mobility profiles. Here we see an improvement of handover scanning frequency selection. When using time-of-day mobility profiles, the MS successfully acquires the correct BS target on the first attempt 63.25% of the time versus 54.19% for our original MFU strategy and only 17.64% for the WiMAX default strategy. 
VII. CONCLUSION AND FUTURE WORK
In our work, we have focused on improving the scanning times for WiMAX/802.16 MSs during handovers. We have introduced two MS based mobility profiles, time-of-day and location plus trajectory, to improve handover scanning times. We have provided performance results from a set of experiments based on simulated and real-world mobility traces. We have shown that using either TOD or LPT mobility profiles improves handover scanning performance over that of the WiMAX default and our previous work [5] . Our strategies are complimentary to other previous work. Additionally, the TOD and LPT mobility profiles are MS based and require no additional network support.
Future work includes providing a larger set of finer grained time-of-day mobility profiles. There is the additional problem of developing a MS algorithm for building its optimal set of time-of-day or location plus trajectory profiles. The set of time periods and zones, that need to be profiled depends on the mobility patterns of individual MSs.
A further extension to the LPT model is to include building profiles for different routes a MS may take. Additionally, the assignment of LPT zones to the coverage area could be done differently. Instead of simply dividing the coverage area into a grid, the MS could examine the various routes it takes and determine the pattern of roads traversed or multiple zones containing similar frequency use could be merged into superzones. In addition, other sets of mobility data should be examined, such as users of cellular telephones.
